In this article, a new in-cylinder turbulence modeling approach aims at the improvement of quasi-dimensional simulations for modern spark ignition engines with fully variable valvetrains. Within the derived quasi-dimensional turbulence model, the turbulent production term can physically react on a change of engine operation (e.g. intake valve lift, intake valve timing, engine speed and boost pressure). Moreover, the approach offers access to detailed charge motion quantities for the first time in quasi-dimensional calculations. Hence, it is able to satisfy qualitative and quantitative turbulence descriptions within the entire operating range of the engine.
Introduction
Despite purely electric vehicles and alternative concepts, spark ignition (SI) engines still play a key role in globalized individual transportation, which might also be seen as a further trend. The development of efficiencyincreasing engine technologies can be supported by comparably simple and fast quasi-dimensional (QD) simulations of in-cylinder phenomena such as combustion or wall heat transfer. However, as these phenomena are very complex, their simulation demands a highly physical capture of major effects and occurring interactions. In the future, the importance of this aspect even rises as new engine generations are becoming more and more complex due to their increasing number of technical variabilities.
A number of phenomena in the high pressure part of an engine cycle are known to react sensitive to incylinder turbulence. The flame kernel development in the ignition phase and the developing flame spread after inflammation are strongly dependent on turbulence intensity. 1 Turbulent flame speeds are several times faster than laminar flame propagation, 2 which has wide-ranging consequences for engine efficiency and emissions. Cyclic variations have their origin in turbulent fluctuations. [3] [4] [5] [6] It is also well known that gasto-wall heat flux depends highly on turbulence. All these effects are of major interest for the simulation of an engine cycle. Hence, the goal is to make turbulence quantities accessible in a QD simulation.
In 1980, Borgnakke et al. 7 calculated global incylinder turbulence by a kÀe equation set for QD purposes. The reduction to a simpler one-equation ordinary differential equation (ODE) can be found in the 1988 work of Noske 8 . Later on, Bargende 9 added a squishing term in 1991 with relevance especially for diesel combustion. Moreover, Bargende introduced a new starting value at intake valve closing (IVC) for the ODE calculation. It empirically takes into account the global velocity, the volumetric efficiency and the intake valve lift. 9 In 2001, the so far completing step for QD turbulence was established by Pivec 10 with introduction of a direct injection term. Results of Nefischer et al. 11 indicate that this developed stage of a turbulence model can still not be fully adopted to the entire operating range of a turbocharged direct injection SI engine with variable intake valve lift. Summarizing, none of these approaches is able to cope with modern complexity of fully variable valvetrains adjustable in intake valve lifts and valve timings because the flow fields and occurring turbulence differ widely. 12 The newly proposed turbulence model shall physically predict tumble and swirl-based motion and the production of turbulent kinetic energy based on a QD kÀe approach within all engine operations. It shall be utilized primarily within all types of QD combustion models-most notably the entrainment model 13, 14 and the fractal model 15, 16 -and second within QD wall heat transfer models. Computation time requirements are small compared to three-dimensional (3D) computational fluid dynamics (CFD) simulations. Thus, the long-term vision is QD simulation of in-cylinder phenomena with real-time capability.
In section ''Prerequisites,'' details of the investigated engine and assumptions for the mathematical setting are shown. Section ''Governing physics'' deduces and summarizes the new approach with key concepts from 3D investigations. Finally, the calibration of the QD model with 3D CFD data and its validation at several significant points of operation are presented in section ''Model application, calibration and validation.''
Prerequisites

Research engine details
In this work, a new generation of SI engines is subject to modeling. The main technologies combined are exhaust gas turbocharging, fully variable valvetrain and gasoline direct injection. The investigated engine represents a four-cylinder derivate of this new engine concept and is used as example for analysis and research (Table 1) .
General assumptions for a new modeling approach
Obviously, the modeling of global flow phenomena without spatial resolution must introduce some simplifications. Therefore, all calculations take place in a strongly simplified combustion chamber with flat cylinder head and piston geometry ( Figure 1 ). In the Cartesian coordinate system, the angular momentum vectorL describes all occurring motions of charge and can be written in a simplified form as
where L x describes the main tumble component in the cylinder, L y is the minor tumble component and L z can be seen as swirling motion around the cylinder axis. The quantities J i , j i and v i represent the global momentum of inertia, the mass weighted counterparts and the angular velocity component around the axis i = fx, y, zg, respectively. Moreover, some assumptions are introduced in order to derive a new QD production term for turbulent incylinder energy:
Intake flow is the main driver for charge motion generation. CFD and analytical analyses show a negligible influence of the exhaust flow and blowby flow. Air, fuel and residuals in the cylinder are always homogeneous in density and perfectly mixed. Gas viscosity is constant for all temperatures in relevant engine operations. Main tumble motion moves around x-axis. Minor occurrence of cross-y-tumble can be neglected. Tumble and swirl motion can be considered independently by superposition.
From a sensitivity analysis of a QD combustion simulation at different engine operation points, it can be shown that the new turbulence model has to provide the turbulent kinetic energy within 615% precision to meet a required accuracy of 65% for the turbulent flame speed. 17 A broader confidence interval of 610% for the turbulent flame speed would even allow a bandwidth of 625% for the turbulent kinetic energy around its effective value. In this context, Schubert 18 mentions a 30% deviation for the turbulent kinetic energy as input for convective in-cylinder heat transfer calculations as sufficient.
Governing physics
Relations between charge motion and turbulence production
The energy cascade concept describes the energy transfer from large to small scales, which is the driver for turbulence production. The smaller the rotating structures, the higher is the influence of friction effects until the former kinetic energy totally dissipates into internal energy (heat) on Kolmogorov scales. Thus, turbulent fluctuations in an engine cylinder will vanish without continuous energy supply from the mean flow of directed global charge motion.
Modern engine concepts induce either swirl or tumble or a combination of both in the cylinder depending on the valvetrain actuation. So it seems evident to take a closer look at buildup and decay of charge motion 19 and its interaction with turbulence. This follows the ideas of Poulos and Heywood 20 taking into account the angular momenta and the rotational energy in every spatial direction. Generally, modeling of turbulence production dk prod }(∂U=∂y) 2 contains the shearing rate of the mean velocity field U of a boundary layer normal to the surface of a flat plate. Ramajo et al. 21 obtain a modified formulation
which can be easily rewritten corresponding to Eiglmeier's approach 22 using global kinetic energy E rot
where k is the QD turbulent kinetic energy, l t is the turbulent length scale and e is the dissipation rate. Ramajo et al., 21 Achuth and Mehta 23 and Achuth et al. 24 mention the determination of production terms to be the most significant and hence complex part of QD turbulence modeling. The following sections interpret dk prod by direct employment of the energy cascade linking turbulence gains directly to losses of the rotational energy E rot
In the following, rotational energy E rot is described as function of angular momenta L dir because they are seen as global quantities. Recall, local velocity components U of the flow field are not available in a nonspatial approach. The objective is now to find an appropriate closure for k prod , which can cope with different forms of large-scale charge motion and their transfer into small-scale turbulence. Therefore, compression stroke and intake stroke of the engine cycle must be considered independently.
The model of Poulos and Heywood 20 and enhanced versions 25 close the production term k prod by considering a global mean velocity of cylinder charge without depending on a preferred direction. More detailed versions of this closure are derived in the literature by taking into account either only tumble motion 21 or only swirl motion. 22 The more general model presented in the following extends these concepts by consideration of both, swirl and tumble.
The following derivation for the production term k prod is grouped in the phase of closed valves when only shearing influences the production term (section ''Turbulence in the compression and expansion stroke (closed valves)'') and in the phase of open valves when shearing and additionally the energy of intake valve flow are to be considered (section ''Turbulence in the intake stroke (open valves)''). Both shearing and intake effects are again divided into swirl and tumble, respectively. Note that a graphical overview of the model derived in the following is provided in Appendix 1. Table 2 sums up index abbreviations used in the following derivation.
Turbulence in the compression and expansion stroke (closed valves)
This section derives a term for the rate of change of turbulent kinetic energy k that applies for tumbling and swirl motions at constant cylinder mass. At engine strokes with closed valves, the term k prod can only evolve from the existing kinetic energy of the rotation E rot the cylinder offers. It accumulates shearing effects in directions dir
Hereby, the rate of change of rotational energy dE dir, rot, shr is decomposed into xy and z directions by C xy, prod Á dE xy, rot, shr + C z, prod Á dE z, rot, shr representing swirl and tumble motion. The introduced two independent parameters C xy, prod and C z, prod are later utilized within the calibration process (see section ''QD model calibration'').
Subsequently, an energy term is needed for proceeding. The cylinder charge moves with rotational energy
Therefore, the change of rotational energy by shearing forces in the gas mass can be easily derived for an assumed quasi-stationary cylinder geometry (dj dir = 0)
Mass-specific angular inertia j xy of the tumbling gas mass and j z for swirl motion depend on cylinder bore D bore and the actual piston position s pist at this time step. The derivation of the terms in equations (8) and (9) is outlined in Appendix 1
Shearing of the charge motion can be used to characterize the production of turbulent kinetic energy 22, 26 
where C dir represents the time-decaying function for charge motion (see section ''Analysis of time decay for charge motion''). Equation (10) states that current turbulence values have impact on charge motion behavior and thus on later turbulent quantities. Hence, a high turbulent generation early in the engine cycle works against a high turbulence level at combustion. Together, equations (5)-(10) can reproduce occurring tumble decay, swirl decline and following up turbulence production within the compression stroke.
Turbulence in the intake stroke (open valves)
The incoming fresh charge during the intake stroke builds up global charge motion and generates intake turbulence directly. This is accounted for in an adapted production term for the intake dk prod, int added to the established shearing term dk prod, shr dk prod = dk prod, shr + dk prod, int ð11Þ
In the following, the consideration of contributing flow components (mass flow and gas velocity) over the intake valves IVi is essential. This aims at the derivation of the intake term dk prod, int , which is finished at the end of this section and is fed back into equation (11) .
Main tumble L x sets one important type of global charge motion. Tumble production caused by incoming charge within the intake stroke ( _ m IVi . 0) writes
where Tu x, IVi is a nondimensional equivalent for tumble generation, based on a steady-state discharge analysis in 3D CFD. The latter refers to a standard methodology in the engine development process for the evaluation of charge motion versus valve lift. It consists of generating an adapted 3D CFD model of the cylinder head, imposing pressure boundary conditions, simulating the flow through the valves at a constant lift, analyzing the mean tumble motion Tu x, IVi at predefined cross sections with a defined algorithm and repeating these steps for different valve lifts. The angular velocity scales with engine speed via v mot = 2p Á n mot . Swirl production caused by different incoming mass flows ( _ m IVi . 0) over the intake valves IVi depends on differential entry of momentum ( _ m IVi Áṽ IVi ) and the leverr int . Hereby,r int spans from the intake valve center to the z-axis within the xy-plane of the simplified cylinder roof
Due to valve masking (shadowing of the rear intake valve seat), a high fraction of incoming momentum can be used to generate swirl. Thus, the mainly y-directed intake flow allows a simplification of the cross product withr z, int ?( _ m IVi Áṽ IVi ) Here, r z, int induces an effective swirl lever (measuring approximately from intake valve center perpendicular to the symmetry plane between both pairs of valves). Note that the components ofr int and r z, int have different signs for various intake valves.
If mass flow exits the cylinder through valves IVi ( _ m IVi \ 0), the loss of angular momentum fraction writes
Overall angular momentum change for different valves IVi combines as
This sum is valid for every two scalar component directions xy and z independently and contains the signs of production '' + '' and destruction ''2''.
Total tumble change at the intake stroke consists of shearing decay (destruction of angular momentum) and kinetic buildup for all intake valves IVi dL xy = dL xy, shr + dL xy, int 'dL xy, shr À dL x, int ð17Þ
The second part of equation (17) expresses the length of the vectorL xy by major and minor tumble components L x and L y via superposition p L 2 x + L 2 y combined with the assumption of negligible crosstumble L 2 x ) L 2 y and via correction of the algebraic sign (compare ÀL x in Figure 1 ).
Overall swirl change at the intake stroke consisting of shearing and a kinetic balance for all intake valves IVi is written as
The buildup of rotational energy E rot, int within the cylinder is fed from all charge motion in directions dir similar to equation (7)
Mean flow kinetic energy KE int from the entering gas mass ( _ m IVi . 0) for all intake valves IVi balances
Intake production considers how much of induced kinetic energy produces ''instantaneous'' turbulence. Thus, the difference between intake mean flow kinetic energy KE int and global charge motion buildup E rot, int is a measure for instant shearing turbulence. C prod, int in equation (21) works as proportional factor and accounts for the turbulent efficiency at high dissipation rates for the intake flow
Finally, the general turbulence production term for the intake stroke (equation ((11))) adds up shearing dk prod, shr and intake buildup dk prod, int .
Analysis of time decay for charge motion
As mentioned previously, charge motion and especially the tumble motion decays during compression. This decay is known to highly depend on the piston position and may be expressed as a function C. In this section, the piston position dependence (geometric dependency) of C is investigated considering its analytical background and using a simplified test case in 3D CFD.
For the integration of the general shearing equation (10), it is assumed that C and k are independent of time (quasi-stationary) yielding
Hence, for the initialized state fL 0 , k 0 g at the starting time t 0 = 0, the decay function can be defined as gradient like
Equation (23) only considers shearing influences on angular momentum decay. Therefore, geometric boundaries such as the moving piston and valves are frozen for this ODE initial value problem. The unit of the decay function C is expected to act like an inverse length scale (1/m).
In order to determine the general shape of the decay function in equation (23), the following idealized setup is investigated using 3D CFD by 1. Definition of the static cylinder geometry (piston position at a certain crank angle (CA)), 2. Employment of the initial state fL 0 , k 0 g for the whole cylinder gas mass, 3. Analysis of charge motion decay versus time.
For the initial state in the cylinder, a 3D CFD geometry of the investigated engine with all valves closed in the compression stroke is used. The general aim is to keep angular momentum of the charge motion constant for different piston positions. Its mathematical form with the assumption of homogeneous density r is written as
Here, the cross product of velocity fieldṽ and effective leverr is integrated into the cylinder volume V cyl . For the main tumble component, vector decomposition yields
Thus, the x-tumble depends on the levers r y and r z as well as on the velocity components v z and v y . The lever in y direction is fixed with cylinder bore. In z direction, there occurs a permanent change of the lever length in the working cycle according to the actual piston position, which then is written as
For the initial flow field, this demands to adapt the velocity component v y to constantly fulfill relation (25) . The velocity vectors were initialized according to a simplified two-dimensional (2D) Taylor-Green vortex form likẽ
In equation (27) For the starting value of turbulent state k 0 in equation (23), mean velocity field v and velocity fluctuation v9 were scaled in a simple isotropic estimation v9 =
Here, the mean velocity v was defined to be of a typical value of 25 m/s at BDC. Using the obtained definition of tumble initialization, the procedure was repeated for different piston positions in the real cylinder geometry and the decay behavior was investigated. Figure 2 illustrates how the induced tumble L x alters versus time. After initialization, the vortex rapidly decays especially at the cylinder boundaries. The tumble cannot preserve its original shape because friction effectively causes its deformation. Moreover, it becomes evident that charge motion decay is strongly linked to geometric boundary conditions. The further a rotating motion is stretched or compressed, which means s pist =D bore 6 ¼ 1 in this manner, the faster the energy transfer away from large scales is. The measured time scales for reducing the tumble motion by a factor of 2 are therefore 24-25 ms at 600°CA and only 6-7 ms at 645°CA. The reason for this can be seen in gradually higher mean stress rates for the flow field at piston positions located nearer to TDC (Figure 3) . The mean stress rates drive the charge motion decay. The more the piston evolves to TDC, the faster the kinetic energy transfers into small-scale turbulence, which can be seen from the earlier turbulence peaks in Figure 3 on the right.
The whole procedure of tumble decay observation can be transferred to swirl analysis with only the adaption of the Taylor-Green initialization. Therefore, the velocity profiles have to be turned and the angular momentum conservation is applied again
together with fixed cylinder boundaries r x ,r y }D bore =const. Figure 4 shows the different decay functions for tumbling gas motion (around x-and y-axes with the assumption of rotational symmetry C x = C y =: C xy ) and swirl motion (around z-axis). Whereas the tumble decay has an optimum with least tumble destruction per time step, the swirl decline is monotonic along the piston movement from BDC to TDC. The reason is obvious: tumbling motion is rapidly deformed because it has its rotational axis perpendicular to the piston translation. Thus, the degree of geometric disturbance defines the gradient of tumble decay. The monotonic swirl decline function constitutes that the swirl motion is only compressed. Its frictional forces are increasing during compression, but the swirl vortex can preserve its shape. Thus, the swirl motion lasts longer than the tumble. As a consequence, swirl and tumble differ in their contribution to turbulence production. Again, it is important to analyze them independently with later superposition. In the following, the acquired decay functions are utilized in the process of model calibration and validation for the evaluation of equation (10) by means of interpolation in tabulated data.
Model application, calibration and validation
The QD turbulence model derived in section ''Governing physics'' is embedded in a one-equation ODE for global in-cylinder turbulent kinetic energy (compare Appendix 1). Subsequently, it is evaluated for different engine operations, offering an insight into the model's general behavior and tendencies.
QD model application Figure 5 shows the function for a sample engine cycle at 2000 r/min and 2 mm mean intake valve lift. Due to intake phasing (valve lift curves differ), a differing mass flow dm IVi =dt enters for each intake valve ( Figure 5(a) ). Hence, there is not only a tumble motion L xy created but also a swirl component L z in the cylinder ( Figure  5(b) ). In fact, the swirl component even dominates this engine operation, because an early valve closing at the intake inhibits further tumble buildup.
The reaction of turbulence can be seen in Figure 5 (c) and (d). As expected, there is a high peak at the very beginning of the cycle, caused by high intake velocities. This peak is enhanced by a short fuel direct injection followed by a significant gradient of turbulence destruction. Nearly at ignition TDC (720°CA), there occurs a secondary turbulence maximum for this cycle. Here, the swirl motion transfers its long-lasting energy to produce small-scale turbulence, which will later dissipate after ignition top dead center (ITDC).
QD model calibration
As the introduced turbulence model was constructed upon a physical basis, an adjustment of the production terms for k prod is possible with minimum effort. The model calibration was performed at an engine operation with 2000 r/min, bmep 2 bar because this offers the occurrence of tumble and swirl motion at the same time.
The used optimizing algorithm is based on a gradient determination for least-square error minimization and coupled with the MATLAB solver for the described equation set. The algorithm was given a criterion to match the characteristics of turbulence near ITDC (relative to 3D CFD reference solutions described in the following). This criterion involves the weighted error sum of k at IVC, k at the combustion peak and the CA of this secondary maximum of k close to TDC. The turbulence production terms from instantaneous intake turbulence, swirl decline and tumble decay were optimized only with the help of the variable parameters C prod, int (equation (21)), C z, prod and C xy, prod (implemented as sub-parameters in sum of equation (5) for each direction) resulting in the following causality for the parameters 0:05'C prod, int ( C z, prod \ C xy, prod \ 1 Beside the production term, a concurrent standard calibration of the entire one-equation turbulence model (see Appendix 1) was performed. Hereby, only the terms with the contribution for density dk dens and for dissipation e Á dt were considered and incorporated into the optimization procedure described above by addition of corresponding calibration parameters. The total number sums up to five calibration parameters, compared with mostly less parameters for other, less detailed turbulence models. All found calibration parameters for the turbulence model were later applied unchanged to the upcoming comparisons.
QD model validation and proof of concept
As not only engine speed but also intake valve lift and timing have a great impact on turbulence and global charge motion, validation points were selected in a way that all these features vary (Table 3) .
In order to verify the functionality of the introduced QD turbulence model, results from 3D CFD are created for every validation point. This data basis provides the different types of charge motion, the turbulent state, turbulence dissipation and turbulent length scale as a function of CA within the cycle. For this purpose, adapted experiments of the dynamic gas exchange analysis are conducted in 3D CFD using ANSYS CFX. This involves to start the computation at intake valve opening (IVO), to neglect the combustion (''cold procedure'' 27 ) and to end the computation after ITDC. As typical in-cylinder measurements provide flow field quantities and thus only indirect turbulence information, the described CFD procedure involves less efforts and more precise reference data compared with measurements.
Here, it is important to note that the 3D intake flow shows a high complexity and is widely anisotropic. Thus, it is neither expected nor important to rebuild the occurring local intake phenomena by a QD modeling approach. So, the following validation is concentrated on the comparison of all quantities after the closure of the intake valves. Nevertheless, QD equations (11)- (21) are applied for the whole duration of the opened intake valves. The required air mass flows through the opened intake valves are provided by a prior gas exchange analysis for the evaluation of charge motion buildup. The error of the total inducted mass compared with the CFD reference solution does not exceed 2%.
In Figure 6 L xy is matched well between QD approach and 3D CFD. The swirl motion L z is slightly underestimated. Nevertheless, the QD turbulence quality k is predicted very well and lies within a 610% accuracy at 690°CA (i.e. at a crank position close to ignition).
For the operation at swirl 2, the swirl component L z is less dominant compared to the tumble component L xy (Figure 7) . Both charge motions are predicted very well at IVC (beginning of the dashed lines) in quantity and general quality by the QD approach. Thus, the turbulence quality k also matches very well and lies within an accuracy of 615% at 690°CA. Figure 8 shows the comparison between QD and 3D CFD results for the engine operation at tumble 1. It must be mentioned here that for tumble operation, the swirl component L z at IVC should vanish in 3D CFD because both intake valves let enter the same air mass flow. The remaining L z values in the 3D results evolve from in-cylinder flow field irregularities that are not implemented in the QD equations. But compared with the amplitude of the tumble L xy (10 times higher at IVC), these effects can be neglected. The tumble buildup and decay are predicted very well by the QD approach. QD turbulent kinetic energy k shows an earlier peak for QD compared to 3D CFD. Its accuracy still remains within 615% at 690°CA. Figure 9 illustrates the validation for the high load and high engine speed operation tumble 2. The predominant tumble motion L xy is predicted very well in decay quality. Due to the high engine speed, the turbulence level k is much higher compared to the other validation points. Although its secondary peak occurs around 5°CA too early, the new QD approach predicts the turbulence at 690°CA within a good accuracy of \ 610% compared to 3D results. Again, the negligible swirl component L z , which exists in 3D CFD, cannot be reproduced by the QD model. In summary, the produced model results lie within the expected confidence interval (especially at 690°CA) and generally show a good quality.
Conclusion
In order to reduce fuel consumption, new SI engines adopt an increasing number of variabilities. This makes their operation and the predictive simulation of their operation a challenging task. As a contribution, this work presents a new QD model for the prediction of incylinder charge motion and turbulence. It aims for the application to engines with fully variable valvetrains. Due to its physical background, it can be applied within the QD simulation of in-cylinder phenomena offering the long-term vision of real-time capability. The model is calibrated and thoroughly validated by means of 3D CFD simulations on a state-of-the-art research engine. Global charge motion and turbulence can be predicted within an envisaged confidence interval at operating points with wide variation of actuation. This allows the application of the model in the context of QD simulation of combustion and heat transfer.
